The giant tube worm, Riftia pachyptila (phylum Vestimentifera), is known only from four widely separated sulfide-rich deep-sea hydrothermal vent systems. This invertebrate is nourished by intracellular, chemoautotrophic bacterial symbionts which reside in a specialized trophosome tissue. The symbiont has not been cultured independently and is believed to be acquired de novo by host larvae of each generation. In the current study, R. pachyptila symbiont DNA was purified from the two most distant sites on the basis of its difference in density versus host DNA. These two standards were hybridized against trophosome DNAs of 13 individuals from the Guaymas Basin, Galapagos Rift, and 13°N vents. This indicated that all R. pachyptila symbionts are conspecific and that the variability in DNA-DNA hybridization (relative binding ratio [RBR]) was comparable within or between widely separated vents. The symbiont of another tube worm, Tevniajerichonana, was found to be the same as that of R. pachyptila, the first case in which distinct hosts possess the same sulfur bacterial symbiont. By contrast, Lamellibrachia sp. (same class as T. jerichonana) showed insignificant RBR with the R. pachyptila symbiont. DNA derived from solely eucaryotic tissue of R. pachyptila showed a surprisingly high RBR (20 to 50) with density-separated DNA standards. With DNAs obtained from physically separated symbionts, independent solution hybridization experiments confirmed the above-described conclusions. Possible explanations for this host-symbiont homology are discussed.
A variety of invertebrates living in dense populations at deep-sea hydrothermal vents are known to derive much or all of their nutrition from symbiotic, chemoautotrophic sulfur bacteria (reviewed in references 8 and 15) . The giant tube worm, Riftia pachyptila, was the first discovered and is still the most distinctive of these animals, reaching up to 1.5 m in length and almost 4 cm in diameter. Adults of this species have no mouth, gut, or anus and are classified as belonging to the phylum Vestimentifera, along with a few other deepsea tube worm species (18) .
R. pachyptila contain a spongy trophosome tissue which comprises approximately 50% of the host's body volume and spans about 75% of its length. Studies by Cavanaugh et al. (7) and Felbeck (13) showed that the tissue was the locus of the densely packed chemoautotrophic procaryotic sym- bionts (approximately 4 x 1010 cells per g [wet weight]). It has been established that these symbionts are contained within host bacteriocytes (6) . Furthermore, the symbionts contain intracellular (periplasmic) globules of elemental sulfur, presumably derived from partial oxidation of hydrogen sulfide, their major electron donor. The mechanism by which young tube worms acquire symbionts is unclear. Symbionts have not been observed in unfertilized eggs or spermatozoa (5, 7, 20) .
Recent anatomical studies led to the conclusion that juveniles (and possibly larvae) of R. pachyptila and another vestimentiferan genus, Ridgeia, transiently possess a ciliated duct that can be traced from an external opening to the vicinity of what will (has) become the trophosome (19, 20) .
Jolla, CA 92093. This, coupled with the lack of evidence for transovarian acquisition, led to the hypothesis that the Riftia symbiont is acquired de novo via this duct by each generation. It was further hypothesized that when appropriate bacteria are encountered they colonize the nascent trophosome, possibly via phagocytosis by the bacteriocytes (20) .
R. pachyptila is documented to occur only in four narrowly circumscribed locations which, in turn, are separated from each other by 1,000 km or more. These vent sites are located in the Eastern Pacific ranging from the equator to approximately 30°N (depth, 2,000 to 2,600 m). If symbionts are acquired de novo by each generation and if the inoculum source is other tube worms at the same site, genomic divergence between symbionts from widely separated vent sites could occur.
Because the symbionts of R. pachyptila have not been successfully cultivated apart from the host, standard phenotypic methods of classification are not applicable. Attempts at classification of the Riftia symbionts have used 5S (21, 29) and 16S (11) rRNA sequence analysis, which compares these bacteria with other known sequences in a data base. All of the vent symbionts studied thus far cluster most closely with other uncultured symbionts from vent and vent analog environments, and no free-living bacteria tested so far fall into this cluster. The degree of divergence within these symbionts is fairly large, i.e., comparable to the Escherichia coli-Pseudomonas aeruginosa separation.
The purpose of the current study was to use DNA-DNA hybridization to determine the degree of phylogenetic similarity among R. pachyptila symbionts from widely separated vent sites. Despite our inability to cultivate the symbiont apart from the host (16, 26) , purified R. pachyptila symbiont DNA standards could be obtained. This was possible because (i) the symbiont DNA can be physically separated BACTERIAL SYMBIONTS OF HYDROTHERMAL VENT TUBE WORMS from host DNA because of its higher G+C content (25) and (ii) possession of high-density internal sulfur globules makes it possible to purify the symbiont physically from freshly homogenized trophosome tissue (10 The DNA band was removed, and the ethidium bromide was extracted with water-saturated n-butanol (24) . To remove the cesium chloride, the DNA solution was dialyzed (molecular weight cutoff 8,000) against 4 23 ) was used to determine the G+ C content from the T7m. The value for each Riftia sample was adjusted by using the value of 63.0 mol% G+C for P. putida (27) . (20.0 ,ug) was added. The contents of each hybridization vial (at hybridization temperature) was transferred to the S1 buffer with rinsing of the sides of the hybridization vial to remove any condensation. After the tubes were mixed well, duplicate 10-lI samples were applied to GFC filters (Whatman) to measure total radioactivity. Duplicate 10-,ul samples without S1 were TCA precipitated (24). The hybridization mixtures were then digested with S1 endonuclease at 50°C for 20 min and placed on ice to stop the digestion. Duplicate 10-pA samples with S1 were TCA precipitated. Each TCA-precipitated sample was collected onto a 25-mm-diameter GFC filter and washed four times with 2.5 ml of ice-cold 5% TCA containing 200 ,uM thymine (Sigma). This was followed by a 2-ml acetone wash to remove water (2). Filters were then counted with a liquid scintillation spectrophotometer in 10 ml of cocktail (Aquasol II).
RBR calculation. The degree of homology was estimated by the relative binding ratio (RBR), which was calculated for each hybridization as follows. The counts with S1 were corrected by subtracting the counts attributable to selfreassociation of the probe, and this value was divided by the counts without S1 to yield a percentage. The percentage for each heterologous reassociation was then normalized to the corrected homologous reassociation value (taken as 100). (25) , the current data should be regarded as definitive since they are based on a larger sample size and were always normalized to a standard DNA. The G+C contents of the tissues of several host R. pachyptila specimens (vestimentum and gonadal tissue) were also determined, and these averaged 34.9 mol% G+C.
Preparation of the two symbiont DNA standards was initiated by density gradient separation of bulk trophosomederived DNA into putative symbiont and host DNAs. This is shown for the Galapagos R. pachyptila standard in Fig. 2 Thermal denaturation was used to assess the purity of these pools. Figure 3 shows a thermal denaturation plot of the DNA from pool 1, the Galapagos standard DNA which was subsequently nick translated. The single peak shows a Tm of 77.7°C, which corresponds to a G+C content of 58.1 mol%, very similar to that of the symbiont DNA (25) . Pools 2 and 3 each contained a mixture of two DNAs but were predominantly host rather than symbiont DNAs. The results for the Guaymas Basin standard (specimen GB1966-7) were very similar (data not shown).
The results of the DNA-DNA hybridization experiments are summarized in Fig. 2 . The graphs are first-derivative plots. The peak corresponds to the Tm of the predominant DNA (Fig. 1). some DNA of Lamellibrachia sp. (another vestimentiferan worm) showed insignificant hybridization (RBR = 11) with the Riftia symbiont. The G+C content of the Lamellibrachia symbiont (53.1 mol%) was also significantly different from that of the symbiont of R. pachyptila. The determination of which DNA was that of the symbiont was accomplished for Riftia as discussed above. For the Tevnia symbiont, the conclusion was based on the high RBR with the Riftia symbiont. In the case of Lamellibrachia sp., assignment of the higher G+C content to the symbiont (host, approximately 38 mol% G+C) was based on relative abundance; the DNA was extracted from trophosome material, which should contain mainly symbiont DNA. For all three worm species, the host G+C contents were within the known range for invertebrates (35 to 50 mol%; reference 30).
Previous 16S rRNA sequence analysis (11) the free-living bacterial relative (among those sequenced) closest to the Riftia symbiont is Thiomicrospira sp. strain L-12. In this study, its DNA showed an RBR of 0 in hybridization with Riftia symbiont DNA ( Table 1) .
Selected hybridizations were also performed at the more stringent temperature of 84°C (Tm -15°C for the Riftia symbiont). The resulting RBRs were very similar to those obtained at Tm -25°C (Table 1 ).
DISCUSSION
The current study indicates that earlier findings regarding the DNA base composition of R. pachyptila host and symbiont DNAs (25) can be extended to the four distantly separated vent sites where this tube worm has been found. These sites include the three of this study and the 21°N site of the earlier report.
The more specific approach taken in the current study showed that the RBRs ranged from 84.2 to 102.4, regardless of the geographical source of the symbiont and regardless of the radioactive standard DNA used. Wayne et al. (31) state that the phylogenetic delineation of any bacterial species is best achieved by DNA reassociation experiments and that strains with 70% or greater DNA-DNA relatedness constitute a single species. Therefore, it can be concluded that the symbionts of R. pachyptila from the three vent sites studied are all members of the same bacterial species. It follows that the association between the host and symbiont is highly specific. Any further consideration or explanations of this symbiosis should take these facts into account.
There do appear to be possible strain level dissimilarities within the Riftia symbionts of any given vent system. No strong trends are apparent with regard to degree of relatedness and distance from the source of the labeled standard DNA. In other words, Guaymas Basin Riftia symbionts are only slightly more closely related, on average, to the Guaymas Basin standard than to the Galapagos standard. In support of this, the two reciprocal samples, in which each standard was hybridized with the complementary test DNA of the other standard, still showed high homology.
Although the 21°N vent site was not included in this study, we postulate that its Riftia symbiont belongs to the same bacterial species. This conclusion was reached because the populations of the current study surround the 21°N site and show no suggestion of symbiont discontinuity. Previous studies of Riftia symbiont DNA (25) , involving only samples from 21°N, gave DNA base compositions consistent with those of the current study.
The RBRs between the putatively purified DNA of the Riftia symbiont (procaryotic) and the eucaryotic host tissues, (vestimentum and gonadal tissue) were surprisingly high (20 to 50; Table 1 ). There are two possible explanations for this unexpected homology. (i) Consider the separation of the symbiont DNA standards from host DNA based on density differences. Any host-derived DNA fragments of the higher G+C content range would have been included in the presumptively pure symbiont DNA standard. These sequences are then postulated to hybridize with the host portion of the test DNA derived from trophosome (10 to 25% eucaryotic). (ii) It is also possible that the symbiont and host share some highly conserved DNA sequences and thus show homology when hybridized. A preliminary test of this hypothesis was performed as follows. It was possible to obtain a small amount of the R. pachyptila symbiont purified at sea from fresh trophosome material by using Percoll gradients (standard method; 10). Because this method uses the very different density of sulfur globule-containing symbionts to separate them from host cells, it minimizes the possibility of copurification of host and symbiont DNAs. The DNA of these physically purified symbionts was then extracted and used as the labeled standard DNA in additional hybridizations. The few experiments possible because of limited material confirmed that R. pachyptila host-derived DNA (vestimentum and gonadal tissue) had an RBR of 20 to 40. The features of Table 1 pertaining to R. pachyptila trophosome DNA (all three sites) and procaryotic and eucaryotic negative controls were also confirmed. This supports the suggestion of DNA sequences shared between the host and symbiont.
All organisms currently living as intracellular symbionts existed outside the cell during some previous evolutionary stage (28) . Recent reports by Jones and Gardiner (19, 20) suggest that R. pachyptila acquires its symbionts from the surrounding seawater de novo with each generation by using a transient digestive tract found only in juvenile worms. The results of the current study show that if this theory is true, acquisition of symbionts is not a random process. It appears that only a certain bacterial species is capable of colonizing the trophosome and maintaining a successful symbiotic existence with the tube worm. Whether that particular bacterium is broadly available and picked up by young worms after settling at a particular vent or acquired at the vent of origin by larvae, which are thereafter dispersed to different vent sites, is not known. No free-living, unicellular, colorless sulfur bacterium which resides in the same phylogenetic grouping with the R. pachyptila symbiont (11) and also deposits intracellular sulfur globules has ever been isolated. Thus, the symbiont may not be viable for long outside the host trophosome environment, or it may be significantly modified once taken up by the host.
The results obtained with T. jerichonana, another vestimentiferan worm so far found only at the 13°N vent site APPL. ENVIRON. MICROBIOL. This is the first case demonstrated in which two different host genera contain the same endosymbiotic sulfur bacterial species (9a, 11) . A transient digestive tract has been found in some other vestimentiferan species but has yet to be looked for in T. jerichonana. A fine-scale genetic analysis of symbionts in both host species collected from adjacent and distant populations could go far in testing whether the de novo acquisition theory is viable.
It has been asserted that the phylogenetic relationships of symbionts parallel those of their hosts (1) . If this is true, the evolutionary relationships among R. pachyptila, a Lamellibrachia sp., and T. jerichonana should be reexamined. Currently, T. jerichonana and a Lamellibrachia sp. are placed in one class within the phylum Vestimentifera and R. pachyptila is placed in a separate one (18) . On the basis of this postulated phylogeny of hosts, it is counterintuitive that only R. pachyptila and T. jerichonana have closely related symbionts.
Allozyme variability, as studied by Bucklin (4) , suggested that there was little genetic variation in host enzymes between samples from the Galapagos and 21°N sites. The results of the current study parallel her finding of little variability of host alleles. The most convincing explanation offered for lack of host differentiation is that there was not time for accumulation of mutations to occur because the extinction and reestablishment of populations must be very rapid given the short lifespan of hydrothermal vents. R. pachyptila is one of the more cosmopolitan of the symbiontcontaining vent animals. Therefore, it seems reasonable that the lack of genetic diversification observed in the host should extend to the symbiont. This does not, however, help to clarify the mode of transmission of the symbiont.
